We observe spatial confinement of Dirac states on epitaxial graphene quantum dots with low-temperature scanning tunneling microscopy after using oxygen as an intercalant to suppress the surface state of Ir (111) and to effectively decouple graphene from its metal substrate. We analyze the confined electronic states with a relativistic particle-in-a-box model and find a linear dispersion relation. The oxygen-intercalated graphene is p doped [E D = (0.64 ± 0.07) eV] and has a Fermi velocity close to the one of free-standing graphene [v F = (0.96 ± 0.07) × 10 6 m/s].
I. INTRODUCTION
Quantum dots are nanostructures that are small enough to induce quantum-size effects to electronic states: The confinement induced by them splits the continuous distribution of energy E and momentum k into discrete, atomlike states. Of specific interest in this respect are graphene quantum dots (GQDs) as they could form spin qubits due to the long spin coherence time in graphene [1] . Recently, it has been shown that also plasmons can be confined in graphene nanostructures [2, 3] . In scanning tunneling spectroscopy (STS) confinement effects of electronic states can be observed as discrete peaks in the local density of states (LDOS) and by spatial mapping of the respective eigenstates that can be viewed as a standing wave pattern of scattered electrons or holes [4] .
Recently, several STS studies showed that GQDs epitaxially grown on Ir(111) can indeed induce confinement [5] [6] [7] . Although it is tempting to assign these states to the Dirac states of graphene (gr), several issues are puzzling: In Ref. [5] the size-dependent energies of the first and second states were attributed to the characteristic linear dispersion relation of graphene with a Fermi velocity of v F = 10 6 m/s in agreement with angle-resolved photoemission spectroscopy (ARPES) [8] , whereas substantially lower values of v F ≈ 0.6 × 10 6 m/s are deduced in Refs. [6, 7] . In addition, for the latter studies a slight n-doping of graphene is found, in contrast to the p doping established for extended graphene [9] . To make things worse, the most recent study [10] questions the assignment of these states to the Dirac electrons, but rather interprets them as the confined Ir(111) surface state S 0 at the point which persists underneath graphene [11, 12] . This hypothesis was also put forward in Ref. [5] for the case of large islands.
The results of the existing literature can be compared when the data are analyzed in a standardized way: To determine the wave vector k belonging to a state with specific E we approximate a GQD with an area A as an infinite cylindrical well with radius r = √ A/π. In this case, the wave functions of * craes@ph2.uni-koeln.de a confined state in polar coordinates (ρ,φ) are given by m,l ∝ J l (k m,l ρ)e ±ilφ , where J l is the spherical Bessel function of the first kind with order l [4] . Due to the confinement, m,l must have a node for ρ = r, leading to the condition k m,l r = z m,l with z m,l the mth zero of J l , and so the eigenstates are labeled (m,l). STS is sensitive to the LDOS = * m,l m,l ∝ J 2 l (k m,l ρ), so the dependence on φ vanishes. In general, the index m gives the number of maxima in the LDOS with respect to ρ; the eigenstates with l = 0 have a maximum in the center of the well, whereas states with higher l have a minimum in the center and the first maximum moves outward with increasing l. Less abstract, the (1,0) state looks like a bubble, (1,1) looks like a ring, and (2,0) looks like a sombrero [cf. the insets in Fig. 4(b) , showing * m,l m,l for (m,l) = (1,0), (1, 1) , and (2,0), respectively]. Once we determined the quantum numbers (m,l) of a given state at an energy E by means of its shape, the momentum k m,l can be calculated via
Note that E and k are obtained independently, without any assumption about the dispersion relation. Figure 1 shows the result of this analysis for the published data. The value from Ref. [5] [cf. Fig. 3 (h) therein] can directly be transformed into a relation E(A), and with A we can deduce k m,l for states with known (m,l) [note that n = 0 and n = 1 in Ref. [5] are (1,0) and (1,1) in our notation, respectively] [13] . For the case of Ref. [6] , Fig. 3(a) contains data of the scanning tunneling microscopy (STM) sample bias where state S [corresponding to (1,0) in our notation] is observed vs island area A. Also here we get k m,l using A and the quantum numbers of the respective state, the energy E is determined by the bias voltage. Reference [7] already presents the data in the form E(k) (Fig. 4) . Finally, we convert the peak position vs (diameter) −2 plot in Fig. 3 (e) from Ref. [10] into E(k) using the Bessel-type analysis. For comparison, we also include the two dispersion relations for the extended system as determined by ARPES. The black line is E(k) for the Dirac states in graphene using E D = 0.1 eV for the position of the Dirac point and v F = 10 6 m/s for the Fermi velocity [8, 14] . The red line is the spin-averaged Ir(111) S 0 surface state underneath graphene [11] . It is obtained by fitting a polynomial up to order n = 8 using only even n 
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Pletikosi et al. [9] Varykhalov et al. [11] Subramaniam et al. [5] Hämäläinen et al. [6] Phark et al. [7] Altenburg et al. [10] E (eV) to each of the two spin-split branches of the ARPES data. We averaged the two branches as this corresponds to the bands obtained by STM analysis of scattering patterns in Rashba-split systems, since scattering can only take place within the same branch as spin conservation has to be obeyed [15] .
It is obvious that based on this data alone it is not possible to attribute any of the experiments unambiguously to the Dirac states or the Ir(111) surface state. This can also be quantified by calculating the root-mean-square deviation of all four data sets with respect to the two models: The data from Refs. [6, 7] fit much better to the surface state S 0 than to the Dirac dispersion, whereas the data from Refs. [5, 10] are described by both models equally well. It is also peculiar that there exists no data above the maximum energy of the surface state. One can conclude that the coexistence of the Dirac states of graphene and the surface state of Ir(111) does not allow a clear assignment of the experimentally observed standing wave patterns.
At first sight it is surprising that it is not possible to clearly distinguish between Dirac states at the K points with a linear dispersion and a Rashba-split near-parabolic surface state with negative effective mass [11] . The reasons for this are that (i) the standing wave patterns observed in STM are only determined by the differences between in-and outgoing waves and are, in consequence, insensitive to the absolute values of the k vectors involved; (ii) the Rashba-splitting is averaged out in STM observations [15] because scattering is only allowed between states with the same spin quantum number; and (iii) the curvature of the near-parabolic S 0 is rather low in the analyzed range of energies (in fact, just fitting a line to the spin-averaged S 0 in the range between 0.05Å −1 and 0.2Å
yields v F = 0.6 × 10 6 m/s, disturbingly close to the value determined in Refs. [6, 7] ).
The most clear-cut way to resolve this situation is to prepare a system where the surface states of Ir(111) are absent. In this paper we demonstrate that this goal can be achieved using intercalation of oxygen [16, 17] . This leaves Dirac states as the only explanation for the eigenstates we observe.
II. METHODS
STM/STS is performed at a temperature T = 5 K and a pressure p < 10 −11 mbar, ARPES at T = 150 K, and p < 5 × 10 −10 mbar. For STS, we measure the dI/dV signal which represents the LDOS of the sample after normalization by I/V (V is the voltage applied to the sample and I is the resulting tunneling current through the tungsten tip) [18] . We use a lock-in technique with a frequency in the range of 850-950 Hz and a modulation amplitude of V mod 10 mV, resulting in a lower limit of the experimental resolution of
0.02 eV [19] . Some of the recorded STM images are analyzed with WsXM [20] . A helium discharge lamp ( ω = 21.2 eV) is used for excitation in ARPES and a Scienta SES 100 analyzer (25 meV energy resolution, 0.2
• angular resolution) for data acquisition. For better visibility, the derivative of the photoemission intensity is shown in some of our spectra [dashed rectangles in Figs. 2(c) and 2(d)]; i.e., the data appears as illuminated from below with the bright states casting dark shadows.
The sample is prepared at p < 5 × 10 −10 mbar. The Ir(111) single crystal is cleaned by cycles of Ar + ion bombardment, exposure to oxygen at 1120 K and annealing at T 1500 K. We apply temperature-programed growth (TPG) of graphene [21] , adsorbing ethylene as a precursor at room temperature followed by annealing at T 1300 K. For the STM experiment, we used one TPG step as this leads to GQDs with sizes where sufficiently separated discrete states are expected. For the ARPES measurements we used six cycles followed by chemical vapor deposition (CVD) using ethylene with p = 10 −7 mbar at 1120 K for 5 min, leading to nearly full coverage. Thereby, we (i) obtain a high photoemission intensity from graphene and (ii) achieve a low density of graphene step edges which are known to scatter Ir surface states and thus reduce their photoemission intensity [8] . To achieve oxygen intercalation, the sample is exposed to more than 750 L of O 2 at T 450 K, exceeding the amount for saturation coverage by more than an order of magnitude [16] . The intercalated oxygen forms a (2 × 1) structure with respect to Ir(111), as evidenced by the low-energy electron diffraction (LEED) pattern shown in Fig. 2 (g) and STM (see Fig. 5 ), in agreement with previous work [16] . Note that the LEED pattern resembles a (2 × 2) structure with respect to Ir(111) because three rotational domains of (2 × 1) are present on the surface.
First-principles calculations have been performed in the framework of density functional theory (DFT) [22, 23] as implemented in VASP [24, 25] , using the projector augmented plane-wave (PAW) method [26] to describe the interaction between the valence electrons and the atomic cores and the Perdew-Burke-Ernzerhof (PBE) exchange-correlation functional [27] . To describe the long-range nonlocal correlation effects responsible for the van der Waals interaction we applied the semiempirical DFT-D2 method [28] . The gr/O/Ir(111) system was modeled by a large realistic supercell consisting of 1129 atoms. The plane-wave cutoff energy was set to 500 eV. • -rotated oxygen (2 × 1) structures.
III. RESULTS AND DISCUSSION
The global band structure of gr/Ir(111) and gr/O/Ir(111) is determined using ARPES (note that it is not possible to measure confinement effects in ARPES due to the size distribution of the GQDs). The spectra shown in Figs. 2(a)-2(d) are acquired in a direction perpendicular to K, while Fig. 2(e) is recorded along the K direction. This is visualized in Fig. 2(f) with a blue line for (a) and (b), a green line for (c) and (d) and a red line for (e). For gr/Ir(111), the characteristic linear dispersion of graphene at the K point is observed [ Fig. 2(a) ], as is well known from other experiments [8, 9] . At the point, the Rashba-split near-parabolic Ir(111) surface state S 0 with negative effective mass is visible (Fig. 2(c) , see also Refs. [11, 12] ). The intercalation of oxygen shifts the Dirac point up in energy (Fig. 2(b) ; see also Ref. [17] ). The surface state S 0 is not visible anymore [ Figs. 2(d) ], in agreement with the strong suppression of surface states on other close-packed metal surfaces after adsorption of oxygen; see, e.g., Refs. [29] [30] [31] . In addition, there is no indication of the S 1 state at the K point [9] . The dominant intensity below 1 eV remains in Fig. 2(d) , as it belongs to direct transitions from bulk Ir bands [14] .
Figure 2(e) shows additional ARPES results for oxygenintercalated graphene on Ir(111). In contrast to the preparation described in Sec. II, here the process is stopped after six TPG cycles as the presence of many graphene edges is not as critical for the electronic states of graphene as it is for the Ir(111) surface states. As mentioned above, these results are obtained in the K direction [see red line in Fig. 2(f) ], thus allowing us to cover an extended k range of the Dirac cone. We determine the relation E(k) by first fitting the peak positions (single Lorentzian) of individual momentum distribution curves (MDCs) of the left branch of the Dirac cone and then fitting the linear function E(k) = E D − v F k to these peak positions in the energy range between −1 and −0.2 eV. With this range a reliable fit is obtained, avoiding narrow energy-range disturbances as the electron-phonon coupling kink (near to E F ) or π -band intensity variations (below −1 eV). We obtain the parameters E D = (0.68 ± 0.05) eV and v F = (1.03 ± 0.01) × 10 6 m/s. The main outcome of our calculations is summarized in Fig. 3 . Panel (a) shows the supercell, containing (20 × 10) unit cells of graphene adsorbed on (9 × 9)O/(18 × 9)Ir(111). For comparison, we also show the pristine gr/Ir(111) [ Fig. 3(b) ; note that here the supercell is smaller]. The average binding distance between graphene and Ir(111) ish = 4.23Å [see also Fig. 3(d) ], which is larger than without O (h = 3.41Å, Fig. 3(e) and Ref. [32] ). The peak-to-peak corrugation drops from h = 0.35Å without O to h = 0.19Å for intercalated O. Figure 3 (111), where at the fcc and hcp sites weak polar local covalent bonds are formed; see Fig. 3 (e) and Ref. [32] . Taken together, the enlarged distance as well as the absence of hybridization between the graphene and the metal substrate indicate efficient decoupling, i.e., the absence of local bonding. A homogeneously charged graphene layer results. STM reveals the presence of oxygen-intercalated GQDs of varying shape (hexagons, truncated hexagons, irregular polygons) and size [33] . An STM topography of an individual, slightly triangular GQD is shown in Fig. 4(b) (top left). Point spectra [ Fig. 4(a) ] are recorded at the locations indicated by the differently shaded dots. Pronounced peaks are visible in the spectra which we attribute to the discrete energies of the first three eigenstates on the graphene flake. The intensity of a given state varies with the location of the spectra on the GQD. This is most obvious in the images mapping the LDOS in Fig. 4(b) at energies approximately at the peak energies [indicated by blue (dark) vertical lines in Fig. 4(a) ]. The characteristic standing wave patterns of confined states are visible.
We determined E(k) from our STS results as explained above. First, we identify the experimentally observed states as 2 ) and spectroscopic images of the GQD, the latter measured at the three energies highlighted by three blue (dark) vertical lines in the spectra in (a), where the width of the lines corresponds to the experimental error evaluated above. The differently shaded dots indicate where the spectra were detected. The three states expected for a circular GQD are shown in the inset for comparison. (c) E(k) resulting from the analysis of the confined states compared with the dispersion relation around the K point found in ARPES. The size of the dots corresponds to E = ±0.05 eV. A potential error of k due to our simplified model is neglected. example, the state recorded at −0.425 eV in Fig. 4 (b) ] since the real, noncircular shape of the GQD affects the form of the wave function [34] . Nevertheless, a clear characterization is possible for all our confined states. In a second step, we use the area A of the island to calculate k m,l for a known state (m,l). Finally, E can be determined from the STM bias voltage.
We obtained E(k) via the identification of individual states either by mapping them at energies determined in point spectra [as for the example given in Figs. 4(a) and 4(b) ] or from maps at closely spaced equidistant energies (not shown). We use this spacing as the maximum error E = ±0.05 eV, which is comparable to the full width at half maximum of our dI/dV spectra [see Fig. 4(a) ] and not much larger than the lower limit of our experimental resolution. The enhanced broadening can arise from a finite (instead of infinite) potential well or Dirac-specific effects like Zitterbewegung [35] . A linear fit to the data in Fig. 4(c) (not shown) yields E D = (0.64 ± 0.07) eV and v F = (0.96 ± 0.07) × 10 6 m/s, which agrees remarkably well with the dispersion relation of the Dirac states determined by ARPES shown as a solid line in Fig. 4(c) . It is also interesting to note that v F is almost equal to the value for free-standing graphene, a strong indication for the decoupling of graphene as a consequence of the chosen intercalant [17] .
The effective decoupling of graphene from the metal surface by the intercalated layer of O has further consequences: In Fig. 5(a) we compare point spectra taken on top of a GQD and next to it. The exact locations of the spectra are shown in the inset of the figure. On the GQD, a pronounced dip in the LDOS around 0.6 eV is observed, which we attribute to the vanishing density of states at the Dirac point of graphene. This feature was never observed on nonintercalated graphene on Ir(111), which we explain by the dominant contribution of the states at the point from the metal in close proximity as compared 2 ). On graphene, a dip is visible at ≈0.6 eV, which is absent on the substrate (stabilizing parameters are I stab = 0.05 nA, V stab = 0.7 V). (b) Same STM image as in Fig. 4 (b) . (c) FT of (b), revealing the periodicities of graphene (enclosed by circles) and the intercalated oxygen rows forming a (2 × 1) structure (enclosed by squares). (d) Same dI/dV map of the (1,1) state as shown in Fig. 4 (b) . (e) FT of (d) containing additional features (enclosed by diamonds) arising from intervalley scattering.
with the states of graphene at the K points that are furthermore suppressed by the large transfer of parallel momentum in the tunneling process [36] .
Finally, we compare a topographic image of a GQD [ Fig Fig. 5(e) ]. In Fig. 5(c) several periodicities reveal themselves as peaks: The outermost spots (enclosed by circles) stem from the graphene lattice, while the two inner spots (enclosed by squares) are caused by one rotational domain of O in a (2 × 1) structure with respect to Ir(111) underneath graphene [compare Fig. 3(a) ]. In the FT of the spectroscopic image [ Fig. 5(e) ], additional features appear, namely rings (enclosed by diamonds) centered at the (
• position (with respect to graphene), which, in consequence, have to be of electronic rather than structural origin. Specifically, this feature is markedly different from the crystallographic peaks observed for the case of graphene intercalated with O in a (
• structure [33] . Following previous studies, we propose that these rings arise from intervalley scattering between neighboring valleys around K and K [37, 38] . For the diameter of the ring one expects d(E) = 4k(E) [38] . We superimposed a dashed white circle with the expected diameter based on E(k) as determined using ARPES with one of the rings in Fig. 5(e) . The agreement confirms our interpretation. The rings are most pronounced for scattering processes perpendicular to the O rows, which can be a hint at the underlying scattering mechanism. However, also the shape of the island is asymmetric, which may also induce intensity differences. Again, these electronic features are properties of decoupled graphene only and were never found for gr/Ir(111) without intercalated O. The diameter of the GQD in Fig. 5(b) is ≈100Å, which implies that the k resolution in the corresponding FT is k = 2π 100Å −1 ≈ 0.06Å −1 , thus explaining the rather blurred appearance of the rings attributed to intervalley scattering in Fig. 5 (e) and impeding a redundant determination of E(k) via the analysis of scattering patterns. For this, much larger graphene sheets have to be analyzed [38] , which is beyond the scope of this article focusing on GQDs. In addition, several satellite spots around the graphene spots and the central spot can be seen. However, it remains unclear whether they arise from intravalley scattering, from the symmetry of the (1,1) state (compare Ref. [7] ), or from the moiré pattern of gr/Ir(111), since they all yield similar reciprocal lengths.
IV. CONCLUSION
To summarize, we have extracted a linear dispersion relation with parameters matching those of Dirac states in oxygenintercalated graphene as determined by ARPES. As the iridium surface states are destroyed by the presence of oxygen, their contribution can be completely excluded. In consequence, the states observed by us are the first unambiguous realization of confined Dirac states. Our study thus resolves the ambiguity of previous work and in consequence provides the first clear-cut demonstration of confinement of Dirac states. Furthermore, we observe the presence of intervalley scattering and a dip in the LDOS located at the Dirac point. The fact that all these effects are present underlines that intercalated oxygen renders graphene quasi-free-standing.
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